The electrical properties of rat Purkinje cells and synapses from granule cells were studied in dissociated cell cultures. To identify the cells we used an immunohistochemical method and recorded voltage-gated and synaptic currents with the patch-clamp technique (the whole-cell mode). Cultured Purkinje cells generated action potentials similar to those recorded from in vitro slices or in vivo preparations. Early Na, late Ca inward current, and K outward currents were distinguished by ion substitution under voltage clamp. We also recorded spontaneous synaptic currents in Purkinje cells cultured with granule cells. These synaptic currents reversed direction at the membrane potential of 2.5 mV, which was similar to currents induced by L-glutamate. Therefore, these are most likely excitatory synaptic currents from granule cells. Since these properties of Purkinje cells examined here are similar to those in situ, the cells in dissociated cell cultures offer a great opportunity to study biophysical properties of identified neurons in the central nervous system. Electrical properties of cultured neurons from various parts of the mammalian central nervous system (CNS) have been studied (1); however, there are several problems in such studies. The first problem is identification of a particular type of neuron in cell culture and the second is proof that the cells under investigation retain the properties of their physiological state. The third problem is to obtain stable electrical recordings from small neurons. Two recent technical advances overcome these three difficulties. Production of specific polyclonal and monoclonal antibodies allows the identification of several neurons in the mammalian CNS. With the patch (whole-cell) recording technique we can monitor electrical activities of cultured small cells and also control the intracellular ionic environment (2).
Purkinje cells generated action potentials similar to those recorded from in vitro slices or in vivo preparations. Early Na, late Ca inward current, and K outward currents were distinguished by ion substitution under voltage clamp. We also recorded spontaneous synaptic currents in Purkinje cells cultured with granule cells. These synaptic currents reversed direction at the membrane potential of 2.5 mV, which was similar to currents induced by L-glutamate. Therefore, these are most likely excitatory synaptic currents from granule cells. Since these properties of Purkinje cells examined here are similar to those in situ, the cells in dissociated cell cultures offer a great opportunity to study biophysical properties of identified neurons in the central nervous system. Electrical properties of cultured neurons from various parts of the mammalian central nervous system (CNS) have been studied (1); however, there are several problems in such studies. The first problem is identification of a particular type of neuron in cell culture and the second is proof that the cells under investigation retain the properties of their physiological state. The third problem is to obtain stable electrical recordings from small neurons. Two recent technical advances overcome these three difficulties. Production of specific polyclonal and monoclonal antibodies allows the identification of several neurons in the mammalian CNS. With the patch (whole-cell) recording technique we can monitor electrical activities of cultured small cells and also control the intracellular ionic environment (2) .
The cerebellum is one of the best studied parts of the CNS (3, 4) . Its neuronal circuit and development are well understood (3, 4), and several markers have already been found that specifically bind to Purkinje cells (5) (6) (7) and granule cells (8) . Methods for culturing Purkinje cells (5) and granule cells (8) (9) (10) have also been established. In this study we applied the whole-cell patch-clamp technique to Purkinje cells in dissociated cell cultures and recorded various ionic currents.
MATERIALS AND METHODS
Primary Culture. Purkinje cells were cultured as reported (5) . In short, cerebella were dissected from rat fetuses on approximately embryonic day 20 and freed of meninges. The cerebella were incubated at 20°C for 4 min in 1% trypsin/0.05% DNase solution, which contained 137 mM NaCl, 5 mM KCl, 7 To make fixed sections the cerebellum was treated with 1% paraformaldehyde in phosphate-buffered saline (PBS) overnight, washed with PBS for several hours, and then embedded in acrylamide gel (11) and sectioned. The embedding medium contained 8.4 g of acrylamide, 13 .4 mg of bisacrylamide, and 700 .&M N,N,N',N'-tetramethylenediamine in 100 ml of PBS (pH 7.0). The fixed cerebellum was impregnated with the medium for 5 hr at 40C, and then 50 Al of 10% ammonium persulfate was added to 10 ml of the embedding medium to polymerize the acrylamide gel.
Staining. To stain cultured cells with Leu-4 the coverslip was dried in an oven at 370C for 4 hr or freeze-dried. Unfixed rat cerebellar frozen sections were always dried in an oven before following staining procedures. The coverslip was incubated at 20°C for 30 min with Leu-4 (Beckton Dickinson) diluted 1:50, washed twice with PBS, and then incubated with anti-mouse immunoglobulin G conjugated with fluorescein isothiocyanate for 30 min. The coverslip was washed twice and then mounted with glycerin that contained 10% 10x concentrated PBS. Cells fixed with paraformaldehyde or acetone were never stained with Leu-4. For acetylcholinesterase staining, the section was kept in a solution of acetylthiocholine iodide at 0.5 mg/ml, 65 mM sodium maleic acid, 5 mM sodium citrate, 3 mM CUS04, and 0.5 mM potassium ferricyanide for a day at 20°C (20) .
Electrophysiology. All electrophysiological data were obtained at 20°C in the whole-cell recording mode with an S-3666 patch-clamp amplifier (Nihon Kohden, Tokyo) with a feedback resistor of 100 MI. Fire-polished patch electrodes of 5-to 10-MCI resistance were used. All current traces were filtered with an 8-pole Bessel low-pass filter at 1 kHz.
Solutions. The composition of normal external saline was 155 mM NaCl, 5 mM KOH, 10 mM Hepes, 2.5 mM CaCl2, 1 mM MgCl2, and 17 mM glucose (pH 7.4). Na-free external solution was made by replacing NaCl with tetramethylamAbbreviation: CNS, central nervous system.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Fig. 2d) . When the Purkinje cell soma was whole-cellclamped with an electrode containing CsCl intracellular solution to block K channels, the net outward current disappeared and early and late inward currents (the latter being oscillatory probably because of the poor space-clamp condition) were clearly observed (Fig. 2e) . The early inward current remained after replacement of the extracellular Ca2+ with Mg2e (Fig. 2f) but disappeared when extracellular Na' was replaced with tetramethylammonium' (Fig. 2g) (Fig. 3a) . Most of these currents were presumed to be the excitatory postsynaptic currents caused by granule cells for the following reasons. (i) They disappeared when external Ca2+ was replaced with Mg2+ and 1 mM Cd2+ was added to the medium (Fig. 3b) . (it') They were inward-going at the resting potential and similar inward currents were also recorded with an electrode filled with potassium acetate solution (Fig. 3c) . This experiment eliminated a possibility that the recorded inward current was Cl-current through inhibitory synaptic channels. (iii) They were of granule cell origin because in cultures without adding granule cell-rich suspension these synaptic currents were rarely observed and because in cocultures most neuron-like cells near the Purkinje cells were small (5 to 10 ,um), and their morphology was similar to cultured granule cells in other studies (8) (9) (10) . These small cells had acetylcholinesterase (Fig. ig) , which is known to be possessed by granule cells (Fig. 1J) (13) and, above all, the granule cell is known to be the only excitatory neuron in the cerebellar cortex.
There are several reports suggesting that the transmitter of granule cells is L-glutamate (see refs. 4 and 14) . Therefore, we tested whether L-glutamate can mimic the synaptic action of granule cells. Fig. 4b shows glutamate-induced currents under various levels of the membrane potential. The reversal potential was at 2.8 ± 2.5 mV (n = 5) (Fig. 4b) , which is the same as that for synaptic currents (Fig. 4a ) (2.5 ± 1.8 mV, n = 6).
DISCUSSION
The present paper reports ionic currents through Na, Ca, and K channels of the Purkinje cells and synaptic currents induced by granule cells in Purkinje cells in dissociated cell cultures. Both types of cells were identified histochemically, although histochemical staining of granule cells was less specific. The staining of acetylcholinesterase was not confined to granule cells; blood vessels and white matter of cerebellum were also stained. As reported for in vitro slice preparations (12) , the dissociated Purkinje cell uses Na+ and Proc. Natl. Acad Sci. USA 83 (1986) I I and cultured granule cells (9) . (iv) The reversal potential for glutamate-induced depolarizing potentials in frog Purkinje cells is closer to the reversal potential for parallel fiberevoked excitatory postsynaptic potentials (EPSPs) that originate from granule cells than that for climbing fiber-evoked EPSPs that originate from cells in inferior olivary nucleus (18) (for further reports, see refs. 4 and 14) . The action of L-glutamate as a putative neurotransmitter from the granule cells to the Purkinje cells is further supported in the present in vitro experiment. The reversal potential of the glutamate current was virtually the same as that of the excitatory postsynaptic current.
Thus, as far as examined electrophysiologically and immunohistochemically, the Purkinje cell seems to retain its basic properties in dissociated cell cultures. The cell culture method combined with appropriate cell-identification techniques could be a major thrust in the study of biophysical properties of neurons in the CNS of higher animals. The poor space clamp condition could be improved by treating the cell with colchicine or cytochalasin, which causes cells to retract processes (19) .
